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ABSTRACT 
This paper presents the testing of 12 continuous beams made of all-lightweight, sand-lightweight 
and normal weight concrete having maximum aggregate sizes of 4, 8, 13 and 19 mm. All beams had 
the same geometrical dimensions and steel reinforcement. Load capacity of beams tested are 
compared with the predictions from strut-and-tie models recommended in ACI 318-08 and EC 2 
provisions including the modification factor for lightweight concrete. Test results showed that the 
amount of load transferred to the intermediate support after the occurrence of the diagonal crack 
within the interior shear spans and load capacity increased with the increase of the maximum 
aggregate size, though the aggregate interlock contribution to load capacity in lightweight concrete 
deep beams was less than that in normal weight concrete deep beams. The lightweight concrete 
modification factor in EC2 is generally unconservative, while that in ACI318-08 is conservative for 
all-lightweight concrete but turns to be unconservative for sand-lightweight concrete with a 
maximum aggregate size above 13mm. It was also shown that the conservatism of the strut-and-tie 
models specified in ACI 318-08 and EC 2 decreased with the decrease of the maximum aggregate 
size, and was less in lightweight concrete deep beams than in normal weight concrete deep beams. 
Keywords: lightweight concrete, continuous deep beam, aggregate size, modification factor, strut-
and-tie model. 
INTRODUCTION 
Shear is transmitted in a cracked concrete slender beam without shear reinforcement in different 
ways including dowel action of main longitudinal reinforcement, aggregate interlock and shear in the 
uncracked concrete compression zone. However, deep beams can also transfer a large amount of 
applied loads through diagonal struts even after the occurrence of diagonal cracks [1-3]. Taylor [4] 
concluded that 50% of the applied shear force can be transferred by aggregate interlock in slender 
beams tested. Fenwick and Paulay [5] also pointed out that aggregate interlock contribution to the 
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shear capacity of beams without shear reinforcement would increase with the decrease of shear span-
to-depth ratio due to the steeper angle of diagonal cracks. However, very few [6], if any, 
investigations on aggregate interlock in deep beams are available in the literature, though aggregate 
interlock can play a significant role in load transfer of concrete struts with diagonal cracks. 
Aggregate interlock contribution to the shear capacity of beams is significantly dependent on the 
shape, size and strength of coarse aggregate as well as concrete compressive strength [6]. The 
regression analysis carried out by Bažant and Sun [7] revealed that the shear capacity of slender 
beams without shear reinforcement increases with the increase of the maximum aggregate size. On 
the other hand, it was observed [8] that the aggregate interlock capacity decreased in beams with a 
smoother failure surface owing to cracks penetrating through the coarse aggregate particles. As a 
result, the simplified modified compression field theory [9, 10] neglects the shear stresses transferred 
by aggregate interlock along cracks in beams having concrete strength above 70 MPa and 
lightweight concrete beams. However, there is no apparent evidence for the reduced effect of 
aggregate interlock on the shear capacity of lightweight concrete beams. 
The load capacity of deep beams predicted by strut-and-tie models (STMs) is significantly 
dependent on the effective strength of concrete struts [11]. Most design codes [1, 2] propose a 
modification factor associated with the effective strength of concrete to account for the reduced 
friction properties of diagonal crack interfaces in lightweight concrete struts. A few comparative 
investigations [12, 13] explored the conservatism of STMs specified in code provisions for normal 
weight concrete deep beams, yet acceptable conclusions for lightweight concrete deep beams is very 
rare. In particular, the modification factor of the effective strength of lightweight concrete struts in 
deep beams is fundamentally based on shear test results of slender beams and material properties 
such as splitting tensile strength. 
The principal aim of the present study is to evaluate the effect of aggregate size on the structural 
behavior of lightweight concrete continuous deep beams without shear reinforcement. The 
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distribution and width of diagonal cracks, redistribution of the applied load after the occurrence of 
diagonal cracks within the interior shear spans, and load capacity of beams tested are examined 
against the variation of aggregate size and concrete type. In addition, the conservatism of STMs 
specified in ACI 318-08 [1] and EC 2 [2] provisions including the modification factor for 
lightweight concrete is assessed for lightweight concrete continuous deep beams. 
EXPERIMENTAL PROGRAMME 
Test specimen details 
Reinforced concrete deep beams are frequently constructed over several supports. The occurrence 
of inflection points and coexistence of high shear and high moment within interior shear spans of 
continuous deep beams have a considerable effect on crack propagation and aggregate interlock 
along diagonal cracks in concrete struts, and eventually a significant reduction of effective strength 
of concrete struts. Hence, the current testing programme covers twelve continuous concrete deep 
beam specimens having different aggregate size and concrete type, as given in Table1. The 
maximum size of aggregate, ad , varied from 4 mm to 19 mm in each concrete group; all-lightweight 
concrete (ALWC), sand-lightweight concrete (SLWC), and normal weight concrete (NWC) groups. 
The beam specimens with 4 mm maximum aggregate size resemble a mortar-like beam specimen 
without coarse aggregate. 
All beams tested had the same geometrical dimensions and reinforcement as shown in Fig. 1. The 
section width, wb , and overall depth, h , were 200 mm and 400 mm, respectively, and the shear 
span-to-overall depth ratio, ha / , was 0.54. Both longitudinal top and bottom reinforcement ratios 
were kept constant in all beams at 0.016. The longitudinal top and bottom reinforcing bars were 
continuous over the full length of the beam tested and welded to 160×100×10 mm end steel plates 
for anchorage purposes. No shear reinforcement was provided in the test zone between the centers of 
both end supports. The beam notation given in Table 1 identifies the type of concrete (“A” for all-
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lightweight concrete, “S” for sand-lightweight concrete and “N” for normal weight concrete) and the 
maximum aggregate size, respectively. For example, A8 is an all-lightweight concrete continuous 
beam with aggregate size of 8mm. 
 
Material properties 
The physical properties of aggregates used in beam specimens are given in Table 2. Artificially 
expanded clay granules composed of quartz and calcium aluminum silicate as recorded from X-ray 
diffraction were used for structural lightweight aggregates. The lightweight aggregate features a 
spherical shape of a closed surface with a slightly rough texture. The core of lightweight aggregate 
particles has a uniformly fine and porous structure. Crushed andesite and natural sand of a maximum 
particle size of 4 mm were also used for normal weight coarse and fine aggregates, respectively. 
The net area and yield strength of main longitudinal steel bars are 287 mm
2
 and 508 MPa, 
respectively. The design compressive strength and initial slump of ready-mixed concrete were 30 
MPa and 150 mm in all beam specimens. The mix proportions of each concrete determined from the 
preliminary laboratory tests are given in Table 1. Commercially available poly carboxylate-based 
superplasticizer was added in all concrete mixes but specimens S4 and N4 as both specimens met the 
target slump even without superplasticizer. For the ALWC mix series except specimen A4, 11.1% 
silica fume relative to the amount of cement was added to meet the designed compressive strength of 
concrete. All lightweight and natural normal weight aggregates were batched in a damp state and a 
saturated surface dried state, respectively. The amount of water absorbed in lightweight aggregates 
was accounted for in the mixture-proportioning procedure. 
Control specimens of 150×300 mm cylinder were cast and cured simultaneously with the beam 
specimens in order to determine the compressive strength 'cf  and splitting tensile strength spf  of 
concrete. The results of compressive and splitting tensile strengths of concrete obtained from testing 
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of three cylinders at the same time as each beam test are given in Table 1. The air content of fresh 
concrete and dry density of hardened concrete are also presented in Table 1. The average ratios of 
spf  to 
'
cf  for ALWC, SLWC and NWC are 0.47, 0.53 and 0.59, respectively, nearly independent 
of the maximum aggregate size. 
 
Test set-up 
All deep beams having two spans were tested to failure under a symmetrical two-point top loading 
system with a vertical displacement rate of 0.3 mm/min using a 3000 kN capacity universal testing 
machine, as shown in Fig. 2. The two exterior end supports were designed to allow horizontal and 
rotational movements, whereas the intermediate support allowed only rotation. In order to evaluate 
the shear force and load distribution at supports, two load cells of a 1000 kN capacity and a load cell 
of 2000 kN capacity were located at both exterior end supports and intermediate support, 
respectively. Steel plats of different widths were provided at support and loading points, as shown in 
Fig. 2. Each beam was preloaded up to a total load of 150 kN before testing in order to assure a 
similar support reaction distribution to the result of a linear two-dimensional finite element (2-D FE) 
analysis. 
Vertical deflections of beam specimens were measured using 100 mm range linear variable 
differential transformers (LVDTs) at each mid-span and a distance of L45.0  from the center of 
exterior supports where the maximum deflection is predicted to occur using a linear 2-D FE analysis. 
Both surfaces of all beams tested were whitewashed and gridded into a 100 mm square to aid on the 
observation of the occurrence and propagation of cracks during testing. The diagonal crack width of 
concrete struts joining the edges of loading and support plates was monitored by the PI type gages. 
Strains in longitudinal top reinforcement were also measured by 5 mm electrical resistance strain 
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(ERS) gages at the region crossing the line joining the edges of loading and intermediate support 
plates. All test data were captured by a data logger and automatically stored. 
TEST RESULTS AND DISCUSSIONS 
Crack propagation and failure mode 
Figure 3 shows typical crack propagation in five test specimens having maximum aggregate size 
ad  of  4 mm or 19 mm at different load levels. The crack propagation after peak load is plotted 
using a ‘+’ mark line type. The first diagonal crack developed suddenly at the mid-depth of the 
concrete strut within interior shear spans. The ratio of the first diagonal crack load within the interior 
shear span to the load capacity of the deep beams tested ranged between 0.51 and 0.70, as listed in 
Table 3; this ratio generally decreased with the increase of the maximum aggregate size and a lower 
ratio was exhibited by NWC deep beams than by lightweight concrete (LWC) deep beams. This 
indicates that the reserve strength, which is commonly defined as the retained strength after the 
occurrence of the first diagonal crack to the peak strength [13], can be enhanced with the increase of 
the size and strength of coarse aggregate. On the other hand, most of the beams tested showed no 
flexural vertical cracks in the sagging or hogging region until failure as the shear span-to-overall 
depth ratio ha /  is very small. As the load increased, more diagonal cracks were formed within the 
interior and exterior shear spans until failure occurred due to a significant diagonal crack connecting 
the edges of the loading and intermediate support plates. All specimens failed in diagonal shear prior 
to reaching their flexural capacity. Although, all beams failed un-symmetrically and cracks after the 
peak load developed densely in the failed span, nearly the same crack patterns were observed in both 
spans up to the peak load. At the peak load, the increase of aggregate size led to more diagonal 
cracks. After the peak load, new diagonal cracks also developed within the interior and the exterior 
shear spans. 
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Load versus mid-span deflection  
It was observed that the beam deflection measured at mid-span became slightly larger than that 
measured at L45.0  from the exterior support after the occurrence of the first diagonal crack within 
the interior shear spans. Therefore, the mid-span deflections of the failed span of different beams 
tested against the total applied load are only plotted in Fig. 4. The initial stiffness of beams tested 
was independent of the aggregate size and type of concrete. However, the stiffness after the 
occurrence of diagonal cracks within the interior shear spans gradually reduced with the increase of 
the applied load. The gradual stiffness reduction was more prominent in LWC deep beams than in 
NWC deep beams and increased with the decrease of the maximum aggregate size. Overall, the 
deflection of beams tested at the peak load generally decreased with the increase of the maximum 
aggregate size. 
Support reactions 
Figure 5 plots the end and intermediate support reactions against the total applied load. On the 
same figure, the support reactions obtained from a 2D linear FE analysis are also presented for a 
deep beam having similar properties to beams with 19 mm maximum aggregate size. The measured 
support reactions of all beam specimens were in agreement with those predicted from the 2D linear 
FE analysis until the occurrence of the first diagonal crack within the interior shear spans. However, 
the intermediate support reaction became slightly lower than FE predictions after the occurrence of 
diagonal cracks within the interior shear span due to stiffness reduction. The redistribution of the 
applied load after the occurrence of the first diagonal crack within the interior shear spans was 
slightly influenced by the aggregate size and the type of concrete. The measured intermediate 
support reactions of beams at peak load were lower than FE predictions by an average of 10.3% for 
ALWC beams, 10.2% for SLWC beams, and 5.3% for NWC beams, showing that a larger 
redistribution of loads occurred in LWC deep beams. The ratio, t , of the intermediate support 
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reaction to the total applied load at the ultimate strength of the beams tested increased with the 
increase of aggregate size; a slightly higher ratio was shown by NWC beams than LWC beams, as 
given in Table 3. A closer inspection of the failure surface of beams tested revealed that the failure 
surface of NWC beams is rougher than that of LWC beams and the surface roughness increases with 
the increase of the maximum aggregate size. As a result, the smoother failure surface, i.e. less 
aggregate interlock, reduces the load transfer capacity along the diagonal cracks and consequently 
causes a smaller t . 
Diagonal crack width 
The width development of diagonal cracks along the diagonal plane joining the edges of loading 
and intermediate support plates is plotted against the total applied load in Fig. 6. The diagonal crack 
width was significantly influenced by the size and strength of coarse aggregates. Soon after the 
occurrence of the first diagonal crack, the diagonal crack width of beams of maximum aggregate size 
ad  of 4 mm sharply increased compared with that of beams having ad  above 8 mm. The increasing 
rate of diagonal crack width for concrete beams against the total applied load decreased with the 
increase of the maximum aggregate size, regardless of the type of concrete. At the same load level, 
the smallest diagonal crack width was recorded for NWC deep beams. Overall, the wider diagonal 
crack width within the interior shear spans, the less load transferred to the intermediate support, as 
depicted in Figs. 5 and 6. After the peak load, the diagonal crack width dramatically increased; 
however the increasing rate was more prominent in ALWC deep beams than in NWC deep beams. 
Strains in main longitudinal reinforcement 
Figure 7 shows the strains recorded in the main longitudinal top reinforcing bars at the region 
crossing the line between the edges of loading and intermediate support plates in beams having 
maximum aggregate size ad  of 4 mm or 19 mm. The longitudinal top reinforcement at loading 
points experienced compressive strains before the occurrence of the first diagonal crack within the 
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interior shear spans. However, the strains in top steel bars dramatically changed to tensile strains 
with the occurrence of the first diagonal cracks, showing that the increasing rate of the strain due to 
the tie action against the applied load was nearly independent of the type of concrete. At peak load, 
the tensile strains in longitudinal reinforcement of beams having ad  of 4 mm were much lower than 
that in beams having ad  of 19 mm. This indicates that the increase of load capacity of beams due to 
the enhanced aggregate interlock can produce a higher load transfer by tie action. No longitudinal 
reinforcement of the beam specimens reached its yield strain until the beam failure. 
 
Load capacity of beams tested 
The normalized diagonal cracking load within the interior shear spans, 
 
'
c
Icr
cr
fbh
P
 , was little 
influenced by the maximum aggregate size, as presented in Table 3. However, a slightly higher cr  
was observed in NWC deep beams than in LWC deep beams. This may be attributed to the fact that 
the splitting tensile strength of NWC was higher than that of LWC, as given in Table 1. However, 
the normalized load capacity, 
'
c
n
n
fbh
P
 , of beams tested increased with the increase of aggregate 
size, indicating that n  for ALWC deep beams was lower than that for SLWC deep beams, which in 
turn was also lower than that for NWC deep beams, as shown in Fig. 8. In addition, the normalized 
load capacity of beams having ad  of 4 mm was much lower than that of beams having ad  above 8 
mm, regardless of the type of concrete. The increasing rate for n  against the maximum aggregate 
size was lower in LWC deep beams than in NWC deep beams, while a similar increasing rate was 
observed in both ALWC and SLWC deep beams. The normalized load capacity of beams with ad  of  
19 mm was higher than that of beams with ad  of 4 mm by 140%, 135% and 156% for ALWC, 
SLWC, and NWC deep beams, respectively. A closer inspection of the failure surface of the beams 
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tested revealed that the failure surface of NWC is formed along the cement paste round the aggregate 
particles, while that in LWC beams is mainly formed through coarse aggregate particles, though 
some un-splitted aggregate particles are also detected. Therefore, the increase of aggregate size 
caused a rougher failure surface that allows higher shear stresses to be transferred along diagonal 
cracks in NWC than LWC deep beams; though the larger aggregate size used in LWC beams, the 
higher load capacity achieved. 
STRUT-AND-TIE MODELS FOR CONTINUOUS DEEP BEAMS 
Figure 9 shows a schematic strut-and-tie model for continuous deep beams subjected to two-point 
symmetrical top loads in accordance with ACI 318-08 [1] and EC 2 [2]. There are two main load 
transfer systems, one of which is the strut-and-tie action associated with the longitudinal bottom 
reinforcement acting as a tie in sagging zones and the other is the strut-and-tie action due to the 
longitudinal top reinforcement in the hogging zone. As the applied loads in the two-span continuous 
deep beams are directly transferred to supports through concrete struts of exterior and interior shear 
spans, the load capacity of two-span continuous deep beams, nP , owing to failure of concrete struts 
is  
sin)(2 IEn FFP             (1) 
where EF  and IF  = load capacities of exterior and interior concrete struts, respectively, and   = 
angle of the concrete strut to the longitudinal axis of the deep beam, which can be expressed as 
)/(tan 1 ajd , where a = shear span and jd = distance between the centers of the top and bottom 
nodes. ACI 318-08 specifies that   shall not be less than 25°. On the other hand, EC 2 recommends 
that  5.21  . From the geometrical dimension, jd  can be assumed as follows: 
  2/'tt wwhjd            (2) 
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where h  = overall section depth, and tw  and 'tw = depths of bottom and top nodes, respectively. 
ACI 318-08 [1] recommend that the depth of the bottom node can be approximately assumed as the 
lesser of the height of the plate anchored to the bottom longitudinal reinforcement and twice the  
concrete cover (= c2 ) of the longitudinal reinforcement, as shown in Fig. 9. The depth of the top 
node 'tw  can be determined from the equilibrium of forces of the limit of resultant compressive 
force, C , in the top node and the limit of resultant tensile force in the bottom node [14]. The limit of 
resultant compressive and tensile forces can be obtained based on the concrete effective stresses in 
the nodal zones. From the effective stress of the nodal zones specified in the code provisions, the 
depth of the top node, 'tw , can be expressed as tw8.0  for ACI 318-08, and tw85.0  for EC 2. 
As the nodes at the applied load point can be classified as a CCC type that has equal stresses on 
all in-plane sides, the ratio of each face width of the hydrostatic node has to be the same as the ratio 
of the forces meeting at the node to make the state of stress in the node region constant [3, 14]. 
Therefore, the width of each loading plate can be approximately subdivided into two parts in 
accordance with the ratio, t , of the intermediate support reaction to the applied load. The load 
transferred to the intermediate support slightly decreased in comparison with that predicted by a 
linear finite element (FE) analysis after the occurrence of the first diagonal crack within the interior 
shear spans, but this difference is generally less than 5~10% for concrete beams, as shown in Fig. 5. 
Therefore, the value of t  can be estimated from a linear finite element (FE) analysis considering 
shear deformation. The effective strut width is dependent on the width of the tie and loading plate, 
and the slope of the strut. The average effective widths of concrete struts uniformly tapered in 
interior, Isw )( , and exterior shear spans, Esw )( , can be calculated from: 
 
2
sin)()(5.0cos)(
)(
'  PptIptt
Is
llww
w

        (3-a) 
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 
2
sin))(1()(cos)(
)(
'  PptEptt
Es
llww
w

      (3-b) 
where Ppl )( , Epl )(  and Ipl )(  = widths of loading, end support and intermediate support plates, 
respectively. The load transfer capacity of concrete struts depends on the strut area and effective 
concrete compressive strength. Hence, load capacities of exterior and interior concrete struts are  
EswceE wbfF )(
'           (4-a) 
IswceI wbfF )(
'           (4-b) 
where ev  = effectiveness factor of concrete that is introduced to account for the limited ductility of 
concrete and various sources affecting the deterioration of concrete strength. For concrete struts 
without shear reinforcement, ACI 318-08 recommends an effectiveness factor of 6.0 , whereas EC 
2 gives it as  250/16.0 'cf , where  = modification factor to account for the reduced friction 
properties and splitting tensile resistance of lightweight concrete compared with normal weight 
concrete of the same compressive strength. For beams where splitting tensile strength of concrete not 
measured, ACI 318-08 recommends that  =0.75 for ALWC, and 0.85 for SLWC. Linear 
interpolation can be used to obtain these factors according to the volumetric fractions of lightweight 
fine or coarse aggregates to normal weight fine or coarse aggregates, respectively. On the other hand, 
EC 2 classifies lightweight concrete according to its dry density and specifies   as follows: 
2200/6.04.0 u           (5) 
where u = the upper limit of the dry density for the relevant class. EC 2 classifies the design density 
of lightweight concrete at the spacing of 200 kg/m
3
 from 800 kg/m
3
 to 2000 kg/m
3
. 
Comparisons of modification factors 
In STM models specified in the code provisions, the effect of the type of concrete on the load 
transfer capacity of concrete struts is only accommodated in the modification factor of the 
effectiveness factor of concrete, as explained above. On the other hand, the corresponding 
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experimentally modification factor for lightweight concrete can be evaluated as the ratio of the load 
capacity of LWC deep beams to that of the companion NWC deep beams. Figure 10 shows the 
comparison of the modification factors measured from the present experimental results and proposed 
by the ACI 318-08 and EC 2 for lightweight concrete. The modification factor for LWC continuous 
deep beams tested slightly decreased with the increase of the maximum aggregate size. The 
modification factor specified in EC 2 is higher than that of ACI 318-08 for the beams tested. In 
addition, EC 2 generally overestimates the modification factor for ALWC continuous deep beams, 
indicating that the unconservatism increases with the increase of the maximum aggregate size. The 
modification factor specified in ACI 318-08 is generally conservative for ALWC deep beams, but 
unconservative for SLWC deep beams with aggregate size above 13 mm. 
Comparisons of measured and predicted load capacities 
The ratio, .Pr. )/()( enExpncs PP , between measured and predicted by STM load capacities of the 
current deep beams is given in Table 3. The means of cs  obtained from the comparison of ACI 318-
08 for ALWC, SLWC and NWC continuous deep beams are 1.307, 1.221 and 1.297, respectively, 
while those of EC 2 are 1.337, 1.329 and 1.468, respectively. The means of cs  for both code 
provisions are slightly lower for LWC deep beams than NWC deep beams. In addition, the ratio cs  
generally decreased with the decrease of the maximum aggregate size, regardless of the type of 
concrete. The conservatism of STMs specified in both codes consequently decreases with the 
decrease of the size and strength of coarse aggregates. 
 
CONCLUSIONS 
Based on the test results and comparisons with ACI 318-08 and EC 2 provisions, the following 
conclusions may be drawn: 
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1. The formation of failure plane of beams tested was hardly influenced by the maximum 
aggregate size and the type of concrete. 
2. The gradual stiffness reduction after the occurrence of diagonal cracks was more prominent in 
lightweight concrete deep beams than in normal weight concrete deep beams and increased 
with the decrease of the maximum aggregate size. 
3. The ratio of the intermediate support reaction to the total applied load at peak load increased 
with the increase of maximum aggregate size, and was larger in normal weight concrete 
beams than in lightweight concrete beams. 
4. The diagonal crack width decreased with the increase of the maximum aggregate size and was 
smaller in normal than lightweight concrete deep beams at the same load level. 
5. The normalized diagonal cracking load within the interior shear spans of beams tested was 
little influenced by the maximum aggregate size. However, the normalized load capacity of 
beams tested increased with the increase of the maximum aggregate size. In addition, the 
normalized load capacity for all-lightweight concrete beams was lower than that for sand-
lightweight concrete deep beams, which in turn was also lower than that for normal weight 
concrete deep beams having the same maximum aggregate size. 
6. The ratio of the load capacity of lightweight concrete continuous beams to that of the 
companion normal weight concrete continuous beams commonly decreased with the increase 
of the maximum aggregate size. 
7. The modification factor for lightweight concrete deep beams in EC 2 is generally 
unconservative, while that in ACI 318-08 is conservative for all-lightweight concrete but 
unconservative for sand-lightweight concrete with the maximum aggregate size above 13 mm.  
8. The conservatism of the strut-and-tie models specified in ACI 318-08 and EC 2 decreased 
with the decrease of the maximum aggregate size, and was less in lightweight concrete deep 
beams than in normal weight concrete deep beams. 
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Fig. 10 – Comparisons of lightweight concrete modification factor in code provisions and 
experimental results. 
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Table 1-Details of test specimens and mix proportions 
Specimen 
Type of 
concrete 
ga  
(mm) 
BW /  AS /  
Unit weight
#
 (kg/m
3
) 
spR  
(%) 
'
cf  
(MPa) 
spf  
(MPa) 
  
(kg/m
3
) 
cA  
(%) W  C  SF  F  G  
A4 
All-
lightweight 
4 0.4 - 139  348  0  1043 0  0.75 31.2 2.54 1510 6.4 
A8 8 0.36 
0.4 
222  548  61  320 439  0.21  29.0 2.53 1540 5.8 
A13 13 0.35 212  545  61  327 448  0.45 31.8 2.73 1551 5.2 
A19 19 0.30 173  518  58  326 447  0.50 31.4 2.62 1514 4.9 
S4 
Sand-
lightweight 
4 0.52 - 260  495  
0   
1486
* 
 0  0.00  34.8 3.35 2130 6.6 
S8 8 0.35 
0.4 
198  569  634
* 
  474  0.19 29.9 2.84 1841 5.2 
S13 13 0.36 203  556  633 
* 
 473  0.15 34.0 3.10 1824 6.2 
S19 19 0.33 171  525  625
* 
  467  0.21  35.0 2.98 1772 5.0 
N4 
Normal-
weight 
4 0.50 - 250  502  1505
* 
  0  0.00  25.8 2.89 2157 5.4 
N8 8 0.65 
0.4 
201  309  715
* 
  1097
*
 0.20 29.6 3.18 2233 4.4 
N13 13 0.63 193  309  723 
* 
 1110
* 
  0.13 27.4 3.09 2253 3.1 
N19 19 0.60 186  309  731
* 
  1122
* 
  0.13 33.2 3.51 2273 2.9 
Note : ga = maximum size of aggregate, BW / = water-to-binder ratio by weight, AS / = fine aggregate-to-total aggregate ratio by 
volume, spR = ratio of superplasticizer to binder by weight, 
'
cf  = compressive strength of concrete, spf = splitting tensile strength of 
concrete,   = dry density of hardened concrete, and cA  = air content. 
# W , C , SF , F , and G  refer to water, ordinary portland cement, silica fume, fine aggregate, and coarse aggregate, respectively. 
* indicates natural normal weight aggregates. 
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Table 2-Physical properties of aggregates used. 
Type 
Maximum 
size (mm) 
Unit volume 
weight 
(kg/m
3
) 
Specific 
gravity 
Water  
Absorption 
(%) 
Porosity 
(%) 
Fineness 
Coarse  
aggregate 
Expanded 
clay granule 
19 709 1.04 20 68.17 6.68 
13 692 1.02 23 67.84 6.20 
8 727 1.07 19 67.91 5.55 
Andesite 
19 1325 2.62 0.98 50.57 5.68 
13 1302 2.61 1.02 49.89 5.90 
8 1353 2.62 1.11 51.65 5.90 
Fine 
aggregate 
Expanded 
clay granule 
4 832 1.65 28 50.42 2.43 
Sand 4 1637 2.51 1.58 65.21 2.32 
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Table 3–Summary of test results and comparisons with STM predictions  
Specimen 
Inclined cracking load  crP  and 
shear force  crV , (kN) 
Load capacity  nP  and 
corresponding shear 
strength  nV  at failed 
span, (kN) 
 
n
Icr
P
P
 cr  n  t  
Predicted nP  
(kN) 
 
 
. 
.
rePn
Expn
P
P
 
Interior shear 
span 
Exterior shear 
span 
nP   InV   EnV  
ACI 
318-08 
EC 2 
ACI 
318-08 
EC 2 
 
Icr
P   
Icr
V   
Ecr
P   
Ecr
V  
A4 594.7  161.7  577.5  147.5  847.3  215.3  208.3  0.70  1.332  1.897  0.508  821.9  802.2  1.031 1.056 
A8 657.0  185.3  702.1  166.3  987.6  254.6  239.2  0.67  1.525  2.292  0.516  764.0  753.1  1.293 1.311 
A13 729.6  210.4  887.8  192.2  1227.4  331.8  281.9  0.59  1.616  2.719  0.541  837.8  815.4  1.465 1.505 
A19 712.4  205.0  841.7  195.5  1190.3  338.1  257.1  0.60  1.590  2.656  0.568  827.2  806.6  1.439 1.476 
S4 712.5  202.9  796.0  163.9  1011.5  257.4  248.4  0.70  1.510  2.143  0.509  1039.0  994.8  0.974 1.017 
S8 716.2  202.0  899.4  220.0  1209.4  315.6  289.1  0.59  1.637  2.764  0.522  892.7  823.8  1.355 1.468 
S13 759.4  215.7  891.5  203.0  1267.1  354.3  279.3  0.60  1.628  2.717  0.559  1015.1  919.3  1.248 1.378 
S19 759.8  222.5  1119.2  265.0  1367.8  372.0  311.9  0.56  1.605  2.890  0.544  1045.0  942.0  1.309 1.452 
N4 651.3  182.5  760.8  190.3  929.3  236.7  227.9  0.70  1.603  2.287  0.509  906.2  812.7  1.025 1.143 
N8 790.3  229.8  1020.8  226.8  1277.0  365.2  273.3  0.62  1.817  2.936  0.572  1039.7  916.6  1.228 1.393 
N13 805.0  234.9  1259.5  305.1  1466.6  421.8  311.5  0.55  1.923  3.503  0.575  962.5  857.0  1.524 1.711 
N19 840.8  240.0  1348.9  301.5  1643.4  489.2  332.5  0.51  1.824  3.565  0.595  1166.2  1011.3  1.409 1.625 
Note] Interior and exterior shear spans are identified by subscripts I  and E , respectively. 









'
)(
c
Icr
cr
fbh
P
 = normalized inclined cracking load, 









'
c
n
n
fbh
P
 = normalized load capacity, and t = ratio of the intermediate support reaction to 
the total applied load at the ultimate strength of beams tested. 
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Fig. 1-Details of beam geometry and arrangement of reinforcement 
(All dimensions are in mm). 
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Fig. 2-Test setup. 
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(a) Specimen A-4 (all-lightweight concrete with ad =4mm) 
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 (b) Specimen A-19 (all-lightweight concrete with ad =19 mm) 
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 (c) Specimen S-19 (sand-lightweight concrete with ad =19 mm) 
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(d) Specimen N-4 (normal weight concrete with ad =4mm) 
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(e) Specimen N-19 (normal weight concrete with ad =19 mm) 
Fig. 3-Typical crack patterns and failure modes. 
(Numbers indicate the total load in kN at which a crack occurred, and cross-hatchings indicate the 
failure zone of concrete. Crack propagation after peak load is also plotted using a “+”  mark) 
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(a) ALWC deep beams 
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(b) SLWC deep beams 
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(c) NWC deep beams 
Fig. 4-Total load versus mid-span deflection. 
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(b) SLWC deep beams 
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(c) NWC deep beams 
Fig. 5-Support reactions against total load. 
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(a) ALWC deep beams 
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(b) SLWC deep beams 
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(c) NWC deep beams 
Fig. 6-Diagonal crack width against total load. 
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Fig. 7-Strains in main longitudinal top reinforcement. 
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Fig. 8-Effect of aggregate size on the normalized load capacity. 
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Fig. 9-Schematic strut-and-tie model for continuous deep beams. 
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Fig. 10-Comparisons of lightweight concrete modification factor in code provisions and 
experimental results. 
